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1
MAGNETIC MEMORY DEVICES

CROSS-REFERENCE TO RELATED
APPLICATIONS

This U.S. non-provisional patent application claims prior-
ity under 35 U.S.C. §119 to Korean Patent Application No.
10-2012-0095797, filed on Aug. 30, 2012, the entirety of

which 1s incorporated by reference herein.

BACKGROUND

The mventive concept relates to semiconductor devices
and, more particularly, to magnetic memory devices.

There 1s an increased demand for high density, lower power
consumption and non-volatile memory devices with the
development of portable computing devices and wireless
communication devices. Magnetic memory devices have
become one of the main candidates that can satisfy such
demands.

Particularly, a tunnel magnetoresistance (TMR) eflect
occurring in a magnetic tunnel junction (M'TJ) may be used as
a data storing mechanism in the magnetic memory device.
MTIJs having the TMR of hundreds % to thousands % have
been developed in 21 century, such that various researches

have been conducted for the magnetic memory devices hav-
ing the MTIJ.

SUMMARY

Embodiments of the inventive concept may provide mag-
netic memory devices having improved electrical character-
1stiCs.

In one aspect, a magnetic memory device may include: a
first reference magnetic layer on a substrate; a second refer-
ence magnetic layer on the first reference magnetic layer; a
free layer between the first reference magnetic layer and the
second reference magnetic layer; a first tunnel barrier layer
between the first reference magnetic layer and the free layer;
and a second tunnel barrier layer between the second refer-
ence magnetic layer and the free layer. The first reference
magnetic layer, the second reference magnetic layer, and the
free layer may each have a magnetization direction substan-
tially perpendicular to a top surface of the substrate. A resis-
tance-area product (RA) value of the first tunnel barrier layer
may be greater than a RA value of the second tunnel barrier
layer.

In another aspect, a magnetic memory device may include:
a first tunnel barrier layer disposed at a first height from a
substrate; a second tunnel barrier layer disposed at a second
height greater than the first height from the substrate, the
second tunnel barrier layer thinner than the first tunnel barrier
layer; a free layer disposed between the first tunnel barrier
layer and the second tunnel barrier layer; a first reference
magnetic layer disposed under the first tunnel barrier layer;
and a second reference magnetic layer disposed on the second
tunnel barrier layer. The first reference magnetic layer, the
second reference magnetic layer, and the free layer may each
have a magnetization direction substantially perpendicular to
a top surface of the substrate.

BRIEF DESCRIPTION OF THE DRAWINGS

The inventive concept will become more apparent 1n view
of the attached drawings and accompanying detailed descrip-
tion.
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FIG. 1 1s a schematic diagram 1llustrating a memory array
of a magnetic memory device according to exemplary

embodiments of the mventive concept;

FIG. 2 1s a schematic diagram 1llustrating a unit memory
cell of a magnetic memory device according to exemplary
embodiments of the mventive concept;

FIG. 3 1s a cross-sectional view 1llustrating a magnetic
memory element of a magnetic memory device according to
a first embodiment of the inventive concept;

FIG. 4 1s schematic diagram 1llustrating a crystallization
direction 1n a magnetic memory element according to exem-
plary embodiments of the inventive concept;

FIG. 5 illustrates a crystal structure of a magnetic layer 1n
a magnetic memory element according to exemplary embodi-
ments of the inventive concept;

FIGS. 6 A and 6B are transmission electron microscope
(TEM) 1mages for illustrating crystallizability difference
according to thicknesses of first and second tunnel barrier
layers 1n a magnetic memory element according to exemplary
embodiments of the mventive concept;

FIG. 7 1s a graph 1llustrating resistance dispersion accord-
ing to thicknesses of first and second tunnel barrier layers 1n
a magnetic memory element according to exemplary embodi-
ments of the 1nventive concept;

FIG. 8 1s a graph 1llustrating a tunnel magnetoresistance
ratio according to thicknesses of first and second tunnel bar-
rier layers in a magnetic memory element according to exem-
plary embodiments of the mnventive concept;

FIG. 9 1s a cross-sectional view 1llustrating a modified
example ol a magnetic memory device according to a {first
embodiment of the mnventive concept;

FIG. 10 15 a cross-sectional view illustrating a magnetic
memory device according to a second embodiment of the
iventive concept;

FIG. 11 1s a cross-sectional view illustrating a magnetic
memory device according to a third embodiment of the inven-
tive concept;

FIG. 12 1s a cross-sectional view illustrating a magnetic
memory device according to a fourth embodiment of the
inventive concept;

FIG. 13 15 a cross-sectional view illustrating a magnetic
memory device according to a fifth embodiment of the inven-
tive concept;

FIG. 14 15 a cross-sectional view illustrating a magnetic
memory device according to a sixth embodiment of the inven-
tive concept;

FIG. 15 1s a flow chart exemplarily 1llustrating a method of
fabricating a magnetic device according to some embodi-
ments of the inventive concepts.

FIG. 16 1s a schematic block diagram illustrating an
example of memory systems including magnetic memory
devices according to embodiments of the mventive concept;

FIG. 17 1s a schematic block diagram illustrating an
example of memory cards including magnetic memory
devices according to embodiments of the mventive concept;
and

FIG. 18 1s a schematic block diagram illustrating an
example of mformation processing systems including mag-
netic memory devices according to embodiments of the
inventive concept.

DETAILED DESCRIPTION OF TH.
EMBODIMENTS

L1

The mventive concept will now be described more fully
hereinafter with reference to the accompanying drawings, in
which exemplary embodiments of the inventive concept are
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shown. The advantages and features of the inventive concept
and methods of achieving them will be apparent from the
following exemplary embodiments that will be described 1n
more detail with reference to the accompanying drawings. It
should be noted, however, that the inventive concept 1s not
limited to the following exemplary embodiments, and may be
implemented 1n various forms. Accordingly, the exemplary
embodiments are provided only to disclose the inventive con-
cept and let those skilled 1n the art know the category of the
inventive concept. In the drawings, embodiments of the
inventive concept are not limited to the specific examples
provided herein and are exaggerated for clarity.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to limat
the invention. As used herein, the singular terms “a,” “an” and
“the” are intended to 1include the plural forms as well, unless
the context clearly indicates otherwise. As used herein, the
term “and/or” includes any and all combinations of one or
more of the associated listed 1tems. It will be understood that
when an eclement 1s referred to as being “connected” or
“coupled” to another element, 1t may be directly connected or
coupled to the other element or intervening elements may be
present.

Similarly, it will be understood that when an element such
as a layer, region or substrate 1s referred to as being “on”
another element, 1t can be directly on the other element or
intervening elements may be present. In contrast, the term
“directly” means that there are no intervening elements. It
will be further understood that the terms “comprises™, “com-
prising,’, “includes” and/or “including”, when used herein,
specily the presence of stated features, integers, steps, opera-
tions, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers,
steps, operations, elements, components, and/or groups
thereof.

Additionally, the embodiment 1n the detailed description
will be described with sectional views as 1deal exemplary
views of the mventive concept. Accordingly, shapes of the
exemplary views may be modified according to manufactur-
ing techmques and/or allowable errors. Therefore, the
embodiments of the mventive concept are not limited to the
specific shape 1illustrated 1n the exemplary views, but may
include other shapes that may be created according to manu-
facturing processes. Areas exemplified 1n the drawings have
general properties, and are used to illustrate specific shapes of
elements. Thus, this should not be construed as limited to the
scope of the inventive concept.

It will be also understood that although the terms first,
second, third etc. may be used herein to describe various
clements, these elements should not be limited by these
terms. These terms are only used to distinguish one element
from another element. Thus, a first element in some embodi-
ments could be termed a second element 1n other embodi-
ments without departing from the teachings of the present
invention. Exemplary embodiments of aspects of the present
inventive concept explained and illustrated herein include
their complementary counterparts. The same reference
numerals or the same reference designators denote the same
clements throughout the specification.

Moreover, exemplary embodiments are described herein
with reference to cross-sectional illustrations and/or plane
illustrations that are i1dealized exemplary illustrations.
Accordingly, variations from the shapes of the illustrations as
a result, for example, of manufacturing techniques and/or
tolerances, are to be expected. Thus, exemplary embodiments
should not be construed as limited to the shapes of regions
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result, for example, from manufacturing. For example, an
etching region illustrated as a rectangle will, typically, have
rounded or curved features. Thus, the regions illustrated in the
figures are schematic 1n nature and their shapes are not
intended to illustrate the actual shape of a region of a device
and are not intended to limit the scope of example embodi-
ments.

Hereinafter, magnetic memory devices according to
embodiments will be described 1n detail with respect to the
drawings.

FIG. 1 1s a schematic diagram 1llustrating a memory array
of a magnetic memory device according to exemplary
embodiments of the inventive concept. FIG. 2 1s a schematic
diagram 1illustrating a umt memory cell of a magnetic
memory device according to exemplary embodiments of the
inventive concept.

Referring to FIGS. 1 and 2, a plurality of unit memory cells
MC may be two-dimensionally or three-dimensionally
arranged. The unit memory cell MC may be connected
between a first interconnection 10 and a second 1nterconnec-
tion 20 crossing each other. One of the first and second inter-
connections 10 and 20 may be used as a word line, and the
other of the first and second interconnections 10 and 20 may
be used as a bit line.

Each of the unit memory cells MC includes a magnetic
memory element 40 and a selection element 30. The selection
clement 30 and the magnetic memory element 40 may be
clectrically connected 1n series with each other. The magnetic
memory element 40 may be connected between the second
interconnection 20 and the selection element 30, and the
selection element 30 may be connected between the magnetic
memory element 40 and the first interconnection 10.

The magnetic memory element 40 may include a magnetic
tunnel junction (M'1]). The selection element 30 may selec-
tively control a flow of charges passing through the magnetic
tunnel junction. For example, the selection element 30 may be
one of a diode, a PNP bipolar transistor, an NPN bipolar

transistor, a NMOS field effect transistor, and a PMOS field
cifect transistor. If the selection element 30 1s a three-terminal
clement such as the bipolar transistor or the MOS field effect
transistor, an additional interconnection (not illustrated) may
be connected to the selection element 30.

The magnetic tunnel junction of the magnetic memory
clement 40 may include a plurality of magnetic layers 41 and
42 and a tunnel barrier layer 50 disposed between the mag-
netic layers 41 and 42. One of the magnetic layers 41 and 42
may be a reference layer having a fixed magnetization direc-
tion regardless of an external magnetic field under a general
environment of using the magnetic memory element 40. The
other of the magnetic layers 41 and 42 may be a free layer
having a variable magnetization direction that can be changed
by the external magnetic field.

The magnetic tunnel junction may have a greater electrical
resistance when the magnetization directions of the reference
layer and the free layer are anti-parallel to each other than
when the magnetization directions of the reference layer and
the free layer are parallel to each other. In other words, the
magnetization direction of the free layer may be changed to
control the electrical resistance of the magnetic tunnel junc-
tion. Thus, the unit memory cell MC may store data by the
difference between the electrical resistances of the magnetic
memory element 40 according to the magnetization direc-
tions of the magnetic layers 41 and 42.

FIG. 3 1s a cross-sectional view 1llustrating a magnetic
memory element of a magnetic memory device according to
a first embodiment of the inventive concept.
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Referring to FIG. 3, a first interlayer dielectric layer 101
including a lower contact plug 103 may be disposed on a
substrate 100. The lower contact plug 103 may be electrically
connected to the selection element 30 of FIG. 2. The first
interlayer dielectric layer 101 may include at least one of
silicon oxide, silicon nitride, silicon oxynitride, or a low-k
dielectric material. The first interlayer dielectric layer 101
may be a single-layer or a multi-layer including a plurality of
stacked layers. Alternatively, the first interlayer dielectric
layer 101 may include a plurality of stacked insulating layers
and a conductive or semiconductor layer disposed between
the stacked insulating layers. The lower contact plug 103 may
include a conductive material. For example, the lower contact
plug 103 may include at least one of a semiconductor doped
with dopants (e.g., doped silicon, doped germanium, and/or a
doped silicon-germanium), a metal (e.g., titanium, tantalum,
and/or tungsten), or a conductive metal nitride (e.g., titanium
nitride, tantalum nitride, and/or tungsten nitride).

A magnetic memory element may be disposed on the first
interlayer dielectric layer 101. In an embodiment, the mag-
netic memory element may include a first magnetic tunnel
junction pattern MTJ1 and a second magnetic tunnel junction
pattern MTJ2, 1.e., a dual MTJ. In some embodiments, addi-
tional magnetic layers may be formed on the magnetic
memory element shown in FIG. 3, depending on the desired
application.

In more detail, the magnetic memory element may include
a first reference layer 120, a first tunnel barrier layer 130, a
free layer 140, a second tunnel barrier layer 150, and a second
reference layer 160. Additionally, the magnetic memory ¢le-
ment may further include a seed electrode layer 110 disposed
between the lower contact plug 103 and the first reference
layer 120, and a capping electrode layer 170 disposed
between the second reference layer 160 and an upper contact
plug 203. The first reference layer 120, the first tunnel barrier
layer 130, and the free layer 140 may constitute the first
magnetic tunnel junction pattern MTJ1. The free layer 140,
the second tunnel barrier layer 150, and the second reference
layer 160 may constitute the second magnetic tunnel junction
pattern M'1J2.

The first reference layer 120 may have a first magnetization
direction substantially perpendicular to a top surface of the
substrate 100. The first magnetization direction 1s fixed. A top
surface of the first reference layer 120 may be 1in direct contact
with the first tunnel barrier layer 130. Thus, the top surface of
the first reference layer 120 may have a good surface rough-
ness. In other words, the first reference layer 120 may provide
good lattice matching when the first tunnel barrier layer 130
1s formed. For example, the first reference layer may have a
mean surface roughness of about 2 A or less.

The first reference layer 120 may have a material and/or a
structure having a first magnetization direction fixed to be
substantially perpendicular to the top surface of the substrate
100. For example, the first reference layer 120 may 1nclude at
least one of a perpendicular magnetic matenal (e.g. CoFelb,
CoFeGd, and/or CoFeDy), a perpendicular magnetic material
having an L1, structure, CoPt of a hexagonal close packed
(HCP) lattice structure, a perpendicular magnetic material
having an L1, (superlattice) structure, or any alloy thereof.
The perpendicular magnetic material having the L1 structure
may 1nclude FePt of the L1, structure, FePd of the L1, struc-
ture, CoPd of the L1, structure, and/or CoPt of the L1, struc-
ture. It the first reference layer 120 includes CoFeTb, a con-
tent ratio of terbium (ITb) may be equal to or greater than
about 10% 1n CoFeTb. Likewise, if the first reference layer
120 includes CoFeGd, a content ratio of gadolinium (Gd)
may be equal to or greater than about 10% 1n CoFeGd. In
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another embodiment, the first reference layer 120 may
include a perpendicular magnetic structure having magnetic
layers and non-magnetic layers alternately and repeatedly

stacked. For example, the perpendicular magnetic structure
may include at least one of (Co/Pt)n, (CoFe/Pt)n, (CoFe/Pd)n,

(Co/Pd)n, (Co/Ni)n, (CoN1/Pt)n, (CoCr/Pt)n, and (CoCr/
Pd)n (where n 1s the number of alternately stacked magnetic
and non-magnetic layers).

The seed electrode layer 110 disposed under the first ref-
erence layer 120 may function as a seed of the first reference
layer 120. The seed electrode layer 110 may 1nclude a con-
ductive material having low reactivity. For example, 1f the
first reference layer 120 includes perpendicular magnetic
material having the .1, structure, the seed electrode layer 110
may be a conductive metal nitride having a sodium chloride
(NaCl) structure, for example, titanium mitride, tantalum
nitride, chromium nitride, or vanadium nitride.

The first tunnel barrier layer 130 may have a thickness less
than a spin diffusion length. The spin diffusion length may be
a distance over which electrons remains polarized. That1s, the
spin diffusion length may be a distance that electrons can
move without changing spin directions of the electrons. The
first tunnel barrier layer 130 may include an insulating mate-
rial. For example, the first tunnel barnier layer 130 may
include at least one of magnesium oxide, titanium oxide,
aluminum oxide, magnesium-zinc oxide, or magnesium-bo-
ron oxide. In an embodiment, the first tunnel barrier layer 130
may be formed of magnesium oxide (MgQ), and a top surtace
of the first tunnel barrier layer 130 may have a (001) crystal
plane substantially parallel to the top surface of the substrate
100. In an embodiment, a thickness of the first tunnel barrier
layer 130 formed of magnesium oxide (MgO) may have a
range of about 8 A to about 15 A.

The first tunnel bather layer 130 may be formed using a
radio frequency (RF) sputtering deposition method. In an
embodiment, the first tunnel barrier layer 130 may be depos-
ited by a sputtering process using a magnesium oxide (MgO)
target 1n an argon atmosphere or by a sputtering process using
oxidation reaction utilizing a magnesium (Mg) target 1n an
oxygen atmosphere. In another embodiment, the deposition
of a metal (Mg) layer on the first reference layer 120 and the
oxidation of the metal (Mg) layer may be alternately and
repeatedly performed to form the first tunnel barrier layer
130. In still another embodiment, the first tunnel barrier layer
130 may be formed by a molecular beam epitaxy (MBE)
method or an electron beam deposition method using mag-
nesium oxide (MgQO).

The free layer 140 may be in direct contact with a top
surface of the first tunnel barrier layer 130. Additionally, the
free layer 140 may be in direct contact with a bottom surface
of the second tunnel barrier layer 150. The free layer 140 may
be a magnetic layer having a changeable magnetization direc-
tion substantially perpendicular to the top surface of the sub-
strate 100. The magnetization direction of the free layer 140
can be changed to be parallel or anti-parallel to the magneti-
zation directions of the first and second reference layers 120
and 160.

The free layer 140 may be formed of a magnetic material
having perpendicular magnetic anisotropy. Additionally, the
free layer 140 may be formed of a magnetic material aligned
with the (001) crystal plane of the first tunnel barrier layer
130. The free layer 140 may be formed on the (001) crystal
plane of the first tunnel barrier layer 130, so that the free layer
140 may be crystal-grown 1n a [001] direction. Thus, a top
surface of the free layer 140 may have a (001) crystal plane
substantially parallel to the top surface of the substrate 100.
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For example, the free layer 140 may include at least one of
a perpendicular magnetic material (e.g. CoFelb, CoFeGd,
and/or CoFeDy), a perpendicular magnetic material having
an L1, structure, CoPt of a hexagonal close packed (HCP)
lattice structure, or any alloy thereof.

The second tunnel barrier layer 150 may have a thickness
less than the spin diffusion length. The second tunnel barrier
layer 150 may include an mnsulating material. For example,
the second tunnel barrier layer 150 may include at least one of
magnesium oxide, titanium oxide, aluminum oxide, magne-
sium-zinc oxide, or magnesium-boron oxide.

In an embodiment, the second tunnel bather layer 150 may
be formed of magnesium oxide (MgQO) and may have a thick-
ness less than that of the first tunnel barrier layer 130. In other
words, the thickness of the first tunnel barrier layer 130 may
be greater than the thickness of the second tunnel barrier layer
150. A ratio of the thickness of the second tunnel barrier layer
150 to the thickness of the first tunnel barrier layer 130 may
have a range of about 1:1.5 to about 1:3. For example, the
second tunnel barrier layer 150 may have the thickness of
about 5 A to about 10 A.

The second tunnel barrier layer 150 may be a magnesium
oxide (MgQO) layer formed by a RF sputtering deposition
method. Alternatively, the deposition of a metal (Mg) layer on
the free layer 140 and the oxidation of the metal (Mg) layer
may be alternately and repeatedly performed to form the
second tunnel barrier layer 150. In still another embodiment,
the second tunnel barrier layer 150 may be formed by a
molecular beam epitaxy (MBE) method or an electron beam
deposition method using magnesium oxide (MgQO).

The magnesium oxide (MgQ) layer may be deposited and
then the deposited magnesium oxide (MgQO) may be crystal-
lized by a high temperature thermal annealing process to form
the second tunnel barrier layer 150. Thus, second tunnel
barrier layer 150 may have crystallizability. The second tun-
nel barrier layer 150 may be influenced by the crystallizabil-
ity of an underlying layer when the second tunnel barrier layer
150 1s crystallized by the high temperature thermal annealing
process. Thus, a top surface of the second tunnel barrier layer
150 may have a (001) crystal plane substantially parallel to
the top surfaces of the first tunnel barrier layer 130 and the
free layer 140.

In some embodiments, the first tunnel barrier layer 130 and
the second tunnel barrer layer 150 may be formed of other
insulating materials such as aluminum oxide.

The second reference layer 160 may be 1n direct contact
with the top surface of the second tunnel barrier layer 150.
The second reference layer 160 may have a second magneti-
zation direction substantially perpendicular to the top surface
of the free layer 140. The second magnetization direction 1s
fixed. The second magnetization direction of the second ret-
erence layer 160 may be opposite (or anti-parallel) to the first
magnetization direction of the first reference layer 120.

For example, the second reference layer 160 may include at
least one of a perpendicular magnetic matenal (e.g. CoFelb,
CoFeGd, and/or CoFeDy), a perpendicular magnetic material
having an L1, structure, CoPt of a hexagonal close packed
(HCP) lattice structure, or any alloy thereof.

The perpendicular magnetic material having the L1, struc-
ture may include FePt of the L1, structure, FePd of the L1,
structure, CoPd of the L1, structure, and/or CoPt of the L1,
structure. If the second reference layer 160 includes CoFeTb,
a content ratio of terbium (Tb) 1n CoFeTb may be equal to or
greater than about 10%. If the second reference layer 160
includes CoFeGd, a content ratio of gadolinium (Gd) 1n
CoFe(Gd may be equal to or greater than about 10%. In
another embodiment, the second reference layer 160 may
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include a perpendicular magnetic structure having magnetic
layers and non-magnetic layers alternately and repeatedly
stacked. For example, the perpendicular magnetic structure
may include at least one of (Co/Pt)n, (CoFe/Pt)n, (CoFe/Pd)n,
(Co/Pd)n, (Co/Ni)n, (CoN1/Pt)n, (CoCr/Pt)n, and (CoCr/
Pd)n (where the n 1s the number of alternately stacking the
magnetic layer and the non-magnetic layer).

The capping electrode layer 170 on a top surface of the
second reference layer 160 may be formed of a conductive
material. The capping electrode layer 170 may include a
metal. For example, the capping electrode layer 170 may
include at least one of ruthentum (Ru), tantalum ('Ta), palla-
dium (Pd), titanium (T1), platinum (Pt), silver (Ag), gold
(Au), or copper (Cu).

A second interlayer dielectric layer 201 may be disposed
on the magnetic memory element and the first interlayer
dielectric layer 101. The upper contact plug 203 may be
formed 1n the second interlayer dielectric layer 201. The
upper contact plug 203 may be electrically connected to the
capping electrode layer 170. An interconnection 210 may be
disposed on the second interlayer dielectric layer 201. The
interconnection 210 may be electrically connected to the
upper contact plug 203. The interconnection 210 may be the
second interconnection 20 (e.g., the bit line) 1llustrated 1n
FIG. 2.

The second interlayer dielectric layer 201 may include at
least one of silicon oxide, silicon nitride, silicon oxynitride, or
a low-k dielectric material. The upper contact plug 203 may
include a conductive matenal, e.g., at least one of a metal
(e.g., titanium, tantalum, copper, aluminum, and/or tungsten )
or a conductive metal nitride (e.g., titanium nitride, tantalum
nitride, and/or tungsten nitride). The interconnection 210
may include at least one of a metal (e.g., titantum, tantalum,
copper, aluminum, and/or tungsten) or a conductive metal
nitride (e.g., titanium nitride, tantalum nitride, and/or tung-
sten nitride).

A program operation ol the aforementioned magnetic
memory element including the magnetic tunnel junction pat-
terns MTJ1 and MTJ2 will be described below.

When the first magnetization direction of the first reference
layer 120 1s anti-parallel to the magnetization direction of the
free layer 140, a program current may flow from the capping
clectrode layer 170 to the seed electrode layer 110. Electrons
in the program current may flow through the first reference
layer 120 to the free layer 140. Here, major electrons may
have spins parallel to the first magnetization direction of the
first reference layer 120, and minor electrons may have spins
anti-parallel to the first magnetization direction of the first
reference layer 120.

When the program current flows from the capping elec-
trode layer 170 to the seed electrode layer 110, the major
clectrons having the spins parallel to the first magnetization
direction of the first reference layer 120 may be accumulated
in the free layer 140. The magnetization direction of the free
layer 140 may be changed to be parallel to the first magneti-
zation direction of the first reference layer 120 by spin torque
of the major electrons accumulated 1n the free layer 140.

The major electrons passing through the free layer 140 may
be reflected by the second reference layer 160 having the
second magnetization direction. The reflected major elec-
trons may return to and be accumulated in the free layer 140.
Thus, the reflected major electrons may assist the change 1n
the magnetization direction of the free layer 140. Addition-
ally, the minor electrons may have the spins parallel to the
second magnetization direction of the second reference layer
160, such that the minor electrons may smoothly pass through
the second reference layer 160. As a result, a critical current
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density necessary to change the magnetization direction of
the free layer 140 may be reduced.

Meanwhile, the program current may flow from the seed
clectrode layer 110 to the capping electrode layer 170. In this
case, electrons may flow from the capping electrode layer 170
to the seed electrode layer 110. In other words, the electrons
may flow from the second reference layer 160 to the free layer
140. Here, major electrons may have spins parallel to the
second magnetization direction of the second reference layer
160, and minor electrons may have spins anti-parallel to the
second magnetization direction of the second reference layer
160.

The major electrons passing through the second reference
layer 160 may be accumulated in the free layer 140 to change
the magnetization direction of the free layer 140. The major
clectrons passing through the free layer 140 may be retlected
by the first reference layer 120 having the first magnetization
direction and then may be accumulated in the free layer 140.
The retlected major electrons may assist the change 1n the
magnetization direction of the free layer 140. The minor
clectrons passing through the free layer 140 may have the
spins parallel to the first magnetization direction of the first
reference layer 120, such that the minor electrons may
smoothly pass through the first reference layer 120.

FIG. 4 1s schematic diagram 1llustrating a crystallization
direction 1n a magnetic memory element according to exem-
plary embodiments of the inventive concept. FIG. 5 illustrates
a crystal structure of a magnetic layer in a magnetic memory
clement according to exemplary embodiments of the mven-
tive concept. FIGS. 6A and 6B are transmission electron
microscope (TEM) 1images for illustrating crystallizability
difference according to thicknesses of first and second tunnel
barrier layers 1n a magnetic memory element according to
exemplary embodiments of the inventive concept.

According to some embodiments of the inventive concept,
the magnetic tunnel junction having a high magnetic resis-
tance (MR) and a low contact resistance may be desired for
realizing a high performance and high integrated magnetic
memory element. Particularly, aresistance-area product (RA)
value obtained by multiplying a resistance by an area of the
magnetic tunnel junction 1s an 1important variable determin-
ing a signal to noise (S/N) ratio and a resistance-capacitor
(RC) time constant 1n the magnetic memory device. The
resistance of the magnetic tunnel junction may be varied
according to a thickness of the magnetic tunnel junction.

Referring to FIG. 4, for writing and sensing data, a resis-
tance of the first tunnel barner layer 130 1s different from a
resistance of the second tunnel barrier layer 150 in the mag-
netic memory device including the first and second magnetic
tunnel junction patterns.

To achieve this, when the first and second tunnel barrier
layers 130 and 150 are formed of the magnesium oxide
(MgO) layer, the thickness of the first tunnel barrier layer 130
may be less than or greater than the thickness of the second
tunnel barrier layer 150. As a thickness of the magnesium
oxide (MgQ) layer 1ncreases, a resistance of the magnesium
oxide (MgQO) layer may increase. In other words, the resis-
tance of the magnesium oxide (MgQO) layer may increase in
proportion to the thickness of the magnesium oxide (MgO)
layer.

When the thickness of the first tunnel barrier layer 130 1s
less than the thickness of the second tunnel barrier layer 150,
a stray field applied to the free layer 140 may be easily
controlled. However, as the thickness of the magnesium oxide
(MgQO) layer 1s reduced, the crystallizability of the magne-
sium oxide (MgQO) layer may be deteriorated. Thus, as 1llus-
trated 1n FIG. 6 A, the crystallizabilities of the second tunnel
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barrier layer 150 and a magnetic layer (1.e., the free layer 140)
on the first tunnel barner layer 130 may be deteriorated when
the first tunnel barrier layer 130 1s thinner than the second
tunnel barrier layer 150. FIG. 6 A shows the second tunnel
barrier layer 150 thicker than the first tunnel barrier layer 130.
In FIG. 6A, the thicker second tunnel barrier layer 150 has a
non-uniform crystal direction. Thus, the RA values and resis-
tance dispersions of the first and second tunnel barrier layers
130 and 150 may increase, such that difference between the
resistances of the first and second tunnel barrier layers 130
and 150 may be reduced. It may be difficult to sense the data
from the magnetic memory element if the resistance differ-
ence of the first and second tunnel barrier layers 130 and 150
1s reduced.

Alternatively, as 1llustrated 1n FIG. 6B, when the thickness
of the first tunnel barrier layer 130 1s greater than the thick-
ness of the second tunnel barrier layer 150, the magnetic layer
(1.e., the free layer 140) and the second tunnel barrier layer
150 may be crystallized using the first tunnel barrier layer 130
having excellent crystallizability as a seed. Thus, the crystal-
lizabilities of the magnetic layer and the second tunnel barrier
layer 150 may be improved. FIG. 6B shows the first tunnel
barrier layer 130 thicker than the second tunnel barrier layer
150. In FIG. 6B, the thick first tunnel barrier layer 130 has a
uniform crystal direction, and the magnetic layer (1.e., the free
layer 140) and the second tunnel barrier layer 150 have uni-
form crystallizability. The crystallizabilities of the first and
second tunnel barrier layers 130 and 150 are improved to
reduce the RA values and the resistance dispersions of the
first and second tunnel barrier layers 130 and 150. Thus, the
resistance difference between the first and second tunnel bar-
rier layers 130 and 150 may increase.

As 1llustrated 1n FIG. 4, when the first tunnel barrier layer
130 15 thicker than the second tunnel barrier layer 150, the
resistance of the first tunnel barrier layer 130 may be greater
than the resistance of the second tunnel barrier layer 150.
Thus, the RA value of the first tunnel barrier layer 130 may be
greater than the RA value of the second tunnel barrier layer
150. A RA ratio of the second tunnel barrier layer 150 to the
first tunnel barrier layer 130 may have a range of about 1:5 to
about 1:10. Here, a total RA value of the magnetic memory
clement may be a sum of the RA value of the first tunnel
barrier layer 130 and the RA value of the second tunnel barrier
layer 150. The maximum of the total RA value of the mag-
netic memory element may be about 30.

Additionally, when the tunnel barrier layer 1s formed of the
magnesium oxide (MgQO) layer, a surface roughness of a layer
under the tunnel barrier layer may influence the crystalliz-
ability of the magnesium oxide (MgQO) layer. Thus, the sur-
face roughness of the first reference layer 120 under the first
tunnel barrier layer 130 may be reduced for the formation of
the first tunnel barrier layer 130 having excellent crystalliz-
ability. To achieve this, the surface roughness of the first
reference layer 120 may be about 2 A or less in an embodi-
ment. Additionally, the first reference layer 120 may be
formed of a perpendicular magnetic material having the .1,
(superlattice) structure, such that the first tunnel barrier layer
130 having excellent crystallizability may be formed on the
first reference layer 120.

In more detail, the first reference layer 120 may be formed
of the perpendicular magnetic material having the L1, crystal
structure as 1llustrated in FIG. 5. The perpendicular magnetic
material having the [1, crystal structure may be formed by
alternately and repeatedly depositing cobalt (Co) layers and
platinum (Pt) layers. At this time, each of the cobalt (Co)
layers and the platinum (Pt) layers may have a thickness of

about 2 A.
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In an embodiment, each of the first and second tunnel
barrier layers 130 and 150 formed by magnesium oxide
(MgO) may be formed by the RF sputtering deposition
method. In another embodiment, a magnesium (Mg) deposi-
tion process and an oxidation process may be alternately and
repeatedly performed to form each of the first and second
tunnel barrier layers 130 and 150 of magnesium oxide
(MgO). Here, the magnesium (Mg) deposition process may
use a DC or RF sputtering deposition method using a mag-

nesium (Mg) target. The oxidation process may use a radical
oxidation process.

In an embodiment, the first reference layer 120, the free
layer 140, and the second reference layer 160 which are 1n
contact with the first and second tunnel barrier layers 120 and
140 may be formed of amorphous magnetic materials. Thus,
alter the magnetic memory element 1s formed, a high tem-
perature thermal annealing process may be performed for
improving characteristics of the magnetic tunnel junction
patterns. In other words, the magnetic layers and the second
tunnel barrier layer 150 on the first tunnel barrier layer 130
may be crystallized using the first tunnel barrier layer 130 as
a seed. The high temperature thermal annealing process may
be performed at a temperature of about 300 degrees Celsius to
about 360 degrees Celsius. The high temperature thermal
annealing process may be a magnetic annealing process or
other annealing processes. During the high temperature ther-
mal annealing process, a heater (not illustrated) under the
substrate 100 may be used as a heat source. The free layer 140
and the second tunnel barrier layer 150 may be crystallized
using the first tunnel barrier layer 130 as the seed by the high
temperature thermal annealing process. Thus, the crystalliz-
abilities of the free layer 140 and the second tunnel barrier
layer 150 may be improved on the first tunnel barrier layer
130.

Since the first tunnel barrier layer 130 1s used as the seed.,
the bottom surface of the free layer 140 contacting the first
tunnel barrier layer 130 may have substantially the same
crystal plane as the top surface of the first tunnel barrier layer
130. For example, if the top surface of the first tunnel barrier
layer 130 has the (001 ) crystal plane, the bottom surface of the
free layer 140 may have a (001) crystal plane.

FI1G. 7 1s a graph illustrating resistance distribution accord-
ing to thicknesses of first and second tunnel barrier layers 1n
a magnetic memory element according to exemplary embodi-
ments of the inventive concept.

In FIG. 7, a reference designator ‘A’ 1llustrates resistance
distribution when the first tunnel barrier layer 130 1s thinner
than the second tunnel barrier layer 150, and a reference
designator ‘B’ illustrates resistance distribution when the first
tunnel barrier layer 130 1s thicker than the second tunnel
barrier layer 150

Referring to FIG. 7, when the first tunnel barrier layer 130
1s thinner than the second tunnel barrier layer 150 (the refer-
ence designator A), the crystallizability of the first tunnel
barrier layer 130 1s deteriorated, such that the first and second
tunnel barrier layers 130 and 150 have deteriorated cyrstalli-
zabilities. Thus, the resistance dispersion may be great and
the RA values increases.

On the other hand, when the first tunnel barrier layer 130 1s
thicker than the second tunnel barrier layer 150 (the reference
designator B), the crystallizability of the second tunnel bar-
rier layer 150 may be improved by the first tunnel barrier layer
130 having the excellent crystallizability. Thus, the resistance
distribution and the RA values are reduced.

FIG. 8 1s a graph 1llustrating a tunnel magnetoresistance
rat1o according to thicknesses of first and second tunnel bar-
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rier layers 1in a magnetic memory element according to exem-
plary embodiments of the inventive concept.

In FIG. 8, a reference designator ‘A’ 1llustrates a tunnel
magnetoresistance ratio (ITMR) when the first tunnel barrier
layer 130 1s thinner than the second tunnel barrier layer 150,
and a reference designator ‘B’ illustrates a tunnel magnetore-
sistance ratio (TMR) when the first tunnel barrier layer 130 1s
thicker than the second tunnel barrier layer 150.

As 1llustrated 1n FI1G. 8, the TMR of the magnetic memory
clement including the first tunnel barner layer 130 thicker
than the second tunnel barrier layer 150 1s greater than the
TMR of the magnetic memory element including the first
tunnel barrier layer 130 thinner than the second tunnel barrier
layer 150.

FIG. 9 1s a cross-sectional view 1llustrating a modified
example of a magnetic memory device according to a first
embodiment of the mventive concept.

Referring to F1G. 9, crystalline magnetic layers 200 may be
disposed between amorphous magnetic layers 120, 140, and
160 and the first and second tunnel barrier layers 130 and 150.
A crystalline magnetic layer 200 may be disposed between
the top surface of the first reference layer 120 and the bottom
surface of the first tunnel barrier layer 130. A crystalline
magnetic layer 200 may be disposed between the top surface
of the first tunnel barrier layer 130 and the bottom surface of
the free layer 140. A crystalline magnetic layer 200 may be
disposed between the bottom surface of the second tunnel
barrier layer 150 and the top surface of the free layer 140. A
crystalline magnetic layer 200 may be disposed between the
top surface of the second tunnel barrier layer 150 and the
bottom surface of the second reference layer 160. The crys-
talline magnetic layers 200 may include at least one of Fe, Co,
FeCo, or any alloy thereof. Each of the crystalline magnetic
layers 200 may have a thickness of about 4 A to about 5 A.

When the free layer 140, the second tunnel barrier layer
150 and the second reference layer 160 are crystallized using
the first tunnel barrier layer 130 by the annealing process, the
crystallizabilities of the first and second tunnel barrier layers
130 and 150 may be more improved by the crystalline mag-
netic layers 200.

FIG. 10 1s a cross-sectional view illustrating a magnetic
memory device according to a second embodiment of the
inventive concept. In the present embodiment, the descrip-
tions to the same elements as 1n the first embodiment of FIG.
3 will be omitted or mentioned briefly for the sake of stmplic-
ity.

Referring to FIG. 10, a magnetic memory element may be
disposed between the lower contact plug 103 and the upper
contact plug 203. As described 1n the first embodiment, the
magnetic memory element may include a first magnetic tun-
nel junction pattern and a second magnetic tunnel junction
pattern. In other words, the magnetic memory element may
include the first reference layer 120, the first tunnel barrier
layer 130, a free layer 140, the second tunnel barrier layer
150, and the second reference layer 160 disposed between the
seed electrode layer 110 and the capping electrode layer 170.

In the present embodiment, the free layer 140 between the
first and second tunnel barrier layers 130 and 150 may include
a first free layer 141, a free exchange coupling layer 143, and
a second free layer 145, which are sequentially stacked. The
first free layer 141 may be in contact with the first tunnel
barrier layer 130 and the free exchange coupling layer 143.
The second free layer 145 may be in contact with the free
exchange coupling layer 143 and the second tunnel barrier
layer 150.

The first and second free layers 141 and 145 may have
magnetization directions substantially perpendicular to the
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top surtace of the substrate 100. The magnetization directions
of the first and second free layers 141 and 145 may be
changed into a first magnetization direction or a second mag-
netization direction anti-parallel to the first magnetization
direction. The magnetization direction of the second free
layer 145 may be coupled in anti-parallel to the magnetization
direction of the first free layer 141 by the free exchange
coupling layer 143.

The first and second free layers 141 and 1435 may include a
magnetic material. For example, the first and second free
layers 141 and 1435 may include at least one of CoFeB, Coke,
NiFe, CoFePt, CoFePd, CoFeCr, CoFelbh, CoFeGd, or
CoFeNi. In an embodiment, 11 the first and second free layers
141 and 145 include CoFeTb, a content ratio of terbium (Tb)
in CoFe'Tb of the first and second free layers 141 and 145 may
be equal to or greater than about 10%. Likewise, if the first
and second free layers 141 and 145 include CoFeGd, a con-
tent ratio of gadolintum (Gd) in CoFeGd of the first and
second free layers 141 and 145 may be equal to or greater than
about 10%. In another embodiment, the first and second free
layers 141 and 145 may include at least one of a perpendicular
magnetic material having an L1, structure, CoPt of a hexago-
nal close packed (HCP) lattice structure, or any alloy thereof.

The free exchange coupling layer 143 may couple the
magnetization direction of the first free layer 141 and the
magnetization direction of the second layer 141 1n anti-par-
allel to each other. A coupling force between the magnetiza-
tion directions of the first and second free layers 141 and 145
may be enhanced by the free exchange coupling layer 143.
The free exchange coupling layer 143 may include at least
one of rare metals (e.g., ruthenium, 1ridium, and rhodium).

FIG. 11 1s a cross-sectional view illustrating a magnetic
memory device according to a third embodiment of the inven-
tive concept. In the present embodiment, the descriptions to
the same elements as in the first embodiment will be omitted
or mentioned briefly for the purpose of ease and convenience
in explanation.

Referring to FIG. 11, a magnetic memory element may
include a first magnetic tunnel junction pattern and a second
magnetic tunnel junction pattern similarly to the first embodi-
ment. In other words, the magnetic memory element may
include a first reference layer 120, the first tunnel barrier layer
130, the free layer 140, the second tunnel barrier layer 150,
and the second reference layer 160 disposed between the seed
clectrode layer 110 and the capping electrode layer 170. Here,
the first and second tunnel barrier layers 130 and 150 may be
formed of the magnesium oxide (MgO) layer, and the first
tunnel barrier layer 130 may be thicker than the second tunnel
barrier layer 150. Additionally, the R A value of the first tunnel
barrier layer 130 may be greater than the RA value of the
second tunnel barrier layer 150.

In the present embodiment, the first reference layer 120
may include a reference perpendicular magnetic layer 121, a
spin polarization layer 125, and a reference exchange cou-
pling layer 123 disposed between the reference perpendicular
magnetic layer 121 and the spin polarization layer 125. The
spin polarization layer 125 may be in contact with the first
tunnel barrier laver 130, and the reference perpendicular
magnetic layer 121 may be in contact with the seed electrode
layer 110. The reference perpendicular magnetic layer 121
may have a first magnetization which 1s substantially perpen-
dicular to the top surface of the substrate 100 and 1s fixed. The
spin polarization layer 125 may have a second magnetization
which 1s substantially perpendicular to the top surface of the
substrate 100 and 1s fixed.

The reference perpendicular magnetic layer 121 may
include a material and/or a structure spontaneously having
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the first magnetization direction. For example, the reference
perpendicular magnetic layer 121 may include at least one of
a perpendicular magnetic matenal (e.g. CoFelb, CoFeGd,
and/or CoFeDy), a perpendicular magnetic material having
an L1, structure, CoPt of a hexagonal close packed (HCP)
lattice structure, or any alloy thereof. The perpendicular mag-
netic material having the L1, structure may include FePt of
the L1, structure, FePd of the L1, structure, CoPd of the 1,
structure, and/or CoPt of the L1, structure. If the reference
perpendicular magnetic layer 121 includes CoFeTb, a content
ratio of terbium (Tbh) in CoFelb may be equal to or greater
than about 10%. Likewise, 1f the reference perpendicular
magnetic layer 121 includes CoFe(Gd, a content ratio of gado-
lintum (Gd) in CoFe(Gd may be equal to or greater than about

10%.

In another embodiment, the reference perpendicular mag-
netic layer 121 may include a perpendicular magnetic struc-
ture having magnetic layers and non-magnetic layers alter-
nately and repeatedly stacked. For example, the
perpendicular magnetic structure may include at least one of
(Co/Ptin, (CoFe/Pt)n, (CoFe/Pdn, (Co/Pdn, (Co/Ni)n,
(CoN1/Pt)n, (CoCr/Pt)n, and (CoCr/Pd)n (where the n 1s the
number of alternately stacking the magnetic layer and the
non-magnetic layer).

The spin polarization layer 125 may include a magnetic
material. The second magnetization direction of the spin
polarization layer 125 may be fixed by the reference perpen-
dicular magnetic layer 121. For example, the spin polariza-
tion layer 125 may include at least one of CoFeB, CoFe, NiFe,
CoFePt, CoFePd, CoFeCr, CoFeTb, CoFe(d, or CoFeNi. If
the spin polarization layer 125 includes iron (Fe) and cobalt
(Co), a content ratio of 1ron (Fe) may be greater than a content
ratio of cobalt (Co) in the spin polarization layer 125. Thus,
the second magnetization direction of the spin polarization
layer 125 may become easily perpendicular to the top surface
ol the substrate 100.

The reference exchange coupling layer 123 may couple the
magnetization direction of the reference perpendicular mag-
netic layer 121 and the magnetization direction of the spin
polarization layer 125 1n anti-parallel to each other. Thus, a

magnetic stray field caused by the first reference layer 120
may be reduced or minimized to improve rehiability of the
magnetic memory device. A coupling force between the mag-
netization directions of the reference perpendicular magnetic
layer 121 and the spin polarization layer 124 may be
enhanced by the reference exchange coupling layer 123. For
example, the reference exchange coupling layer 123 may
include at least one of rare metals (e.g., ruthenium, 1ridium,
and rhodium).

Alternatively, the reference exchange coupling layer 123
may couple the magnetization direction of the reference per-
pendicular magnetic layer 121 and the magnetization direc-
tion of the spin polarization layer 125 1n parallel to each other.
In this case, the reference exchange coupling layer 123 may
include at least one of a non-magnetic metal (e.g., titanium,
tantalum, or magnesium), oxides or nitrides thereof.

Meanwhile, 1n another embodiment, the spin polarization
layer 125 may be 1n contact with the reference perpendicular
magnetic layer 121. In this case, the second magnetization
direction of the spin polarization layer 125 may be parallel to
the first magnetization direction of the reference perpendicu-
lar magnetic layer 121.

FIG. 12 15 a cross-sectional view illustrating a magnetic
memory device according to a fourth embodiment of the
inventive concept. In the present embodiment, the descrip-
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tions to the same elements as 1n the first embodiment will be
omitted or mentioned briefly for the purpose of ease and
convenience 1n explanation.

Referring to FIG. 12, a magnetic memory element may be
disposed between the lower contact plug 103 and the upper
contact plug 203. Similarly to the first embodiment, the mag-
netic memory element may include a first magnetic tunnel
junction pattern and a second magnetic tunnel junction pat-
tern. In other words, the magnetic memory element may
include the first reference layer 120, the first tunnel barrier
layer 130, the free layer 140, the second tunnel barrier layer
150, and a second reference layer 160 disposed between the
seed electrode layer 110 and the capping electrode layer 170.
The first and second tunnel barrier layers 130 and 150 may be
formed of magnesium oxide (MgQO), and the first tunnel bar-
rier layer 130 may be thicker than the second tunnel barrier
layer 150. Also, the RA value of the first tunnel barrier layer
130 may be greater than the RA value of the second tunnel
barrier layer 150.

In the present embodiment, the second reference layer 160
on the second tunnel barrier layer 150 may include a reference
perpendicular magnetic layer 165, a spin polarization layer
161, and a reference exchange coupling layer 163 disposed
between the reference perpendicular magnetic layer 165 and
the spin polarization layer 161. The spin polarization layer
161 may be in contact with the top surface of the second
tunnel barrier layer 150.

The reference perpendicular magnetic layer 165 may have
a first magnetization which 1s substantially perpendicular to
the top surface of the substrate 100 and 1s fixed. The spin
polarization layer 161 may have a second magnetization
which 1s substantially perpendicular to the top surface of the
substrate 100 and 1s fixed. The reference perpendicular mag-
netic layer 165 may include a material and/or a structure
spontaneously having the first magnetization direction. The
spin polarization layer 161 may include a magnetic material.
The second magnetization direction of the spin polarization
layer 161 may be fixed by the reference perpendicular mag-
netic layer 165. The reference exchange coupling layer 163
may couple the magnetization direction of the reference per-
pendicular magnetic layer 165 and the magnetization direc-
tion of the spin polarization layer 161 1n parallel or anti-
parallel to each other.

In another embodiment, the second reference layer 160
may include the reference perpendicular magnetic layer 165
and the spin polarization layer 161, and the reference perpen-
dicular magnetic layer 165 may be 1n contact with the spin
polarization layer 161.

FIG. 13 is a cross-sectional view illustrating a magnetic
memory device according to a fifth embodiment of the mnven-
tive concept. In the present embodiment, the descriptions to
the same elements as 1n the first, third, and fourth embodi-
ments will be omitted or mentioned brietly for the purpose of
case and convenience in explanation.

Referring to FIG. 13, a magnetic memory element may be
disposed between the lower contact plug 103 and the upper
contact plug 203. Similarly to the first embodiment, the mag-
netic memory element may include a first magnetic tunnel
junction pattern and a second magnetic tunnel junction pat-
tern. In other words, the magnetic memory element may
include the first reference layer 120, the first tunnel barrier
layer 130, the free layer 140, the second tunnel barrier layer
150, and the second reference layer 160 disposed between the
seed electrode layer 110 and the capping electrode layer 170.
The first and second tunnel barrier layers 130 and 150 may be
formed of magnesium oxide (MgQ), and the first tunnel bar-
rier layer 130 may be thicker than the second tunnel barrier
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layer 150. Also, the RA value of the first tunnel barrier layer
130 may be greater than the RA value of the second tunnel
barrier layer 150.

In the present embodiment, the first reference layer 120
may include the reference perpendicular magnetic layer 121,
the spin polarization layer 125, and the reference exchange
coupling layer 123 disposed between the reference perpen-
dicular magnetic layer 121 and the spin polarization layer
125. In an embodiment, the spin polarization layer 1235 of the
first reference layer 120 may be 1n contact with the bottom
surface of the first tunnel barrier layer 130. The reference
perpendicular magnetic layer 121 of the first reference layer
120 may have a first magnetization direction which 1s perpen-
dicular to the top surface of the substrate 100 and 1s fixed. The
spin polarization layer 125 of the first reference layer 120 may
have a magnetization direction which 1s substantially perpen-
dicular to the top surface of the substrate 100 and 1s parallel or
anti-parallel to the first magnetization direction of the refer-
ence perpendicular magnetic layer 121 by the reference
exchange coupling layer 123.

The second reference layer 160 may include the spin polar-
ization layer 161, the reference perpendicular magnetic layer
165, and the reference exchange coupling layer 163 disposed
between the spin polarization layer 161 and the reference
perpendicular magnetic layer 165. The spin polarization layer
161 may be in contact with the top surface of the second
tunnel barrier layer 150. The reference perpendicular mag-
netic layer 165 of the second reference layer 160 may have a
second magnetization direction which 1s substantially per-
pendicular to the top surface of the substrate 100 and 1s fixed.
The spin polarization layer 161 of the second reference layer
160 may have a magnetization direction which 1s substan-
tially perpendicular to the top surface of the substrate 100 and
1s parallel or anti-parallel to the second magnetization direc-
tion of the reference perpendicular magnetic layer 165 by the
reference exchange coupling layer 163.

FIG. 14 15 a cross-sectional view illustrating a magnetic
memory device according to a sixth embodiment of the inven-
tive concept. In the present embodiment, the descriptions to
the same elements as in the first, second, third, and fourth
embodiments will be omitted or mentioned briefly for the
purpose of ease and convenience in explanation.

Referring to FIG. 14, a magnetic memory element may be
disposed between the lower contact plug 103 and the upper
contact plug 203. The magnetic memory element may include
a first magnetic tunnel junction pattern and a second magnetic
tunnel junction pattern. In other words, the magnetic memory
clement may include the first reference layer 120, the first
tunnel barrier layer 130, the free layer 140, the second tunnel
barrier layer 150, and the second reference layer 160 disposed
between the seed electrode layer 110 and the capping elec-
trode layer 170. The first and second tunnel barrier layers 130
and 150 may be formed of magnesium oxide (MgO), and the
first tunnel barrier layer 130 may be thicker than the second
tunnel barrier layer 150. Also, the RA value of the first tunnel
barrier layer 130 may be greater than the RA value of the
second tunnel barrier layer 150.

In the present embodiment, the first reference layer 120
may include the reference perpendicular magnetic layer 121,
the spin polarization layer 125, and the reference exchange
coupling layer 123 disposed between the reference perpen-
dicular magnetic layer 121 and the spin polarization layer
125. In an embodiment, the spin polarization layer 123 of the
first reference layer 120 may be 1n contact with the bottom
surface of the first tunnel barrier layer 130. The reference
perpendicular magnetic layer 121 of the first reference layer
120 may have the first magnetization direction which 1s sub-
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stantially perpendicular to the top surface of the substrate 100
and 1s fixed. The spin polarization layer 125 of the first ret-
erence layer 120 may have the magnetization direction which
1s substantially perpendicular to the top surface of the sub-
strate 100 and 1s parallel or anti-parallel to the first magneti-
zation direction of the reference perpendicular magnetic layer
121 by the reference exchange coupling layer 123.

The second reference layer 160 may include the spin polar-
ization layer 161, the reference perpendicular magnetic layer
1635, and the reference exchange coupling layer 163 disposed
between the spin polarization layer 161 and the reference
perpendicular magnetic layer 165. The spin polarization layer
161 may be 1n contact with the top surface of the second
tunnel barrier layer 150. The reference perpendicular mag-
netic layer 163 of the second reference layer 160 may have the
second magnetization direction substantially perpendicular
to the top surface of the substrate 100 and 1s fixed. The spin
polarization layer 161 of the second reference layer 160 may
have the magnetization direction substantially perpendicular
to the top surface of the substrate 100 and 1s parallel or
anti-parallel to the second magnetization direction of the
reference perpendicular magnetic layer 163 by the reference
exchange coupling layer 163.

The free layer 140 may include the first free layer 141, the
free exchange coupling layer 143, and the second free layer
145, which are sequentially stacked. The first free layer 141
may be 1n contact with the first tunnel barrier layer 130 and
the free exchange coupling layer 143. The second free layer
145 may be 1n contact with the free exchange coupling layer
143 and the second tunnel barrier layer 150. The first and
second free layers 141 and 145 may have magnetization
directions substantially perpendicular to the top surface of the
substrate 100. The magnetization directions of the first and
second free layers 141 and 145 may be changed to be parallel
or anti-parallel to the first or second magnetization. The mag-
netization direction of the second free layer 145 may be
coupled 1n anti-parallel to the magnetization direction of the
first free layer 141.

FI1G. 15 depicts an exemplary embodiment of a method for
fabricating a magnetic device discussed above. For simplic-
ity, some steps may be omitted or combined. Referring to
FIG. 15, a first reference layer 1s formed over a substrate at
step 301. A first tunnel barrier layer 1s then formed overlying
the first reference layer at step 303. A free layer 1s formed
overlying the first tunnel barrier layer at step 305. Next, a
second tunnel barrier layer 1s formed overlying the free layer
at step 307. In some embodiments, the second tunnel barrier
layer may be formed thinner than the first tunnel barrier layer.
A resistance-area product (RA) value of the first tunnel bar-
rier layer may be greater than a RA value of the second tunnel
barrier layer. A second reference magnetic layer 1s formed
overlying the second tunnel barrier layer at step 309. In some
embodiments, at least one of the first reference magnetic
layer, the second reference magnetic layer, or the free layer
may have amagnetization direction substantially perpendicu-
lar to a top surface of the substrate. On the other hand, at least
one of the first reference magnetic layer, the second reference
magnetic layer, or the free layer may have a magnetization
including components 1n plane and perpendicular-to-plane.
FIG. 16 1s a schematic block diagram illustrating an example
of memory systems including magnetic memory devices
according to some embodiments of the inventive concept.

Referring to FIG. 16, a memory system 1100 according to
an embodiment of the inventive concept may include a con-
troller 1110, an input/output (I/O) umit 1120, a memory
device 1130, an interface unit 1140 and a data bus 1150. At
least two of the controller 1110, the 1/O unit 1120, the
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memory device 1130 and the interface unit 1140 may com-
municate with each other through the data bus 1150. The data
bus 1150 may correspond to a path through which electrical
signals are transmitted.

The controller 1110 may include at least one of a micro-
processor, a digital signal processor, a microcontroller or
other logic devices. The other logic devices may have a simi-
lar function to any one of the microprocessor, the digital
signal processor and the microcontroller. The I/O unit 1120
may 1nclude a keypad, a keyboard and/or a display unit. The
memory device 1130 may store data and/or commands. The
memory device 1130 may include at least one of the magnetic
memory devices according to the embodiments described
above. The intertace unit 1140 may transmuit electrical data to
a communication network or may receive electrical data from
a communication network. The interface unit 1140 may oper-
ate by wireless or cable. For example, the interface unit 1140
may include an antenna for wireless communication or a
transcerver for cable communication. Although not shown 1n
the drawings, the memory system 1100 may further include a
tast DRAM device and/or a fast SRAM device which acts as

a cache memory for improving an operation of the controller
1110.

The memory system 1100 may be applied to a personal
digital assistant (PDA), a portable computer, a web tablet, a
wireless phone, a mobile phone, a digital music player, a
memory card or other electronic products. The other elec-
tronic products may recetve or transmit information data by
wireless.

FIG. 17 1s a schematic block diagram illustrating an
example of memory cards including magnetic memory
devices according to embodiments of the inventive concept.

Referring to FIG. 17, a memory card 1200 may include a
memory device 1210. The memory device 1210 may include
at least one of the magnetic memory devices according to the
embodiments mentioned above. In other embodiments, the
memory device 1210 may further include another type of
semiconductor memory devices (e.g., a DRAM device and/or
a SRAM device) which are different from the magnetic
memory devices according to the embodiments described
above. The memory card 1200 may include a memory con-
troller 1220 that controls data communication between a host
and the memory device 1210.

The memory controller 1220 may include a central pro-
cessing unit (CPU) 1222 that controls overall operations of
the memory card 1200. In addition, the memory controller
1220 may include an SRAM device 1221 used as an operation
memory of the CPU 1222. Moreover, the memory controller
1220 may further include a host interface unit 1223 and a
memory interface umt 12235, The host interface unit 1223 may
be configured to include a data communication protocol
between the memory card 1200 and the host. The memory
interface unit 1225 may connect the memory controller 1220
to the memory device 1210. The memory controller 1220 may
turther 1include an error check and correction (ECC) block
1224. The ECC block 1224 may detect and correct errors of
data which are read out from the memory device 1210. Even
though not shown in the drawings, the memory card 1200
may further include a read only memory (ROM) device that
stores code data to interface with the host. The memory card
1200 may be used as a portable data storage card. Alterna-
tively, the memory card 1200 may realized as solid state disks
(SSD) which are used as hard disks of computer systems.

FIG. 18 1s a schematic block diagram illustrating an
example of mformation processing systems including mag-
netic memory devices according to embodiments of the
inventive concept.
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Referring to FIG. 18, at least one of the magnetic memory
devices according to atorementioned embodiments may be
installed 1n a memory system 1310, and the memory system
1310 may be installed in an information processing system
1300 such as a mobile device or a desk top computer. The
information processing system 1300 according to the mven-
tive concept may further include a MODEM 1320, a central
processing umt (CPU) 1330, a RAM 1340, and a user inter-
face unit 1350 that are electrically connected the memory
system 1310 through a system bus 1360. The memory system
1310 may be substantially the same as the aforementioned
memory card 1200 of FIG. 16. In other words, the memory
system 1310 may include a memory device 1311 and a
memory controller 1312 controlling overall operations of the
memory device 1311. Data processed by the CPU 1330 or
data inputted from an external system may be stored 1n the
memory system 1310. The memory system 1310 may be
realized as a solid state disk (SSD). In this case, the informa-
tion processing system 1300 may stably store massive data in
the memory system 1310. Reliability of the memory system
1310 increases, so that the memory system 1310 may
decrease a resource for correcting errors to provide a high
speed data exchange function to the information processing
system 1300. Even though not shown in the drawings, the
information processing system 1300 according to the mven-
tive concept may further include an application chipset, a
camera 1mage processor (CIS), and/or an input/output unit.

The magnetic memory devices and the memory systems
according to the inventive concept may be encapsulated using
various packaging techniques. For example, the magnetic
memory devices and the memory systems according to the
iventive concept may be encapsulated using any one of a
package on package (POP) technique, a ball grid arrays
(BGAs) technique, a chip scale packages (CSPs) technique, a
plastic leaded chip carrier (PLCC) technique, a plastic dual
in-line package (PDIP) technique, a die 1n wallle pack tech-
nique, a die 1n water form technique, a chip on board (COB)
technique, a ceramic dual in-line package (CERDIP) tech-
nique, a plastic metric quad flat package (PMQFP) technique,
a plastic quad flat package (PQFP) technique, a small outline
package (SOIC) technique, a shrink small outline package
(SSOP) technique, a thin small outline package (TSOP) tech-
nique, a thin quad flat package (TQFP) technique, a system 1n
package (SIP) technique, a multi chip package (MCP) tech-
nique, a waler-level fabricated package (WFP) technique and
a waler-level processed stack package (WSP) technique.

According to embodiments of the mventive concept, the
thick magnesium oxide (MgQO) layer having the excellent
crystallizability 1s disposed under the thin magnesium oxide
(MgO) layer 1n the magnetic memory element including the
first and second tunnel barrier layers formed of magnesium
oxide (MgQO). Thus, when the magnetic layers and the thin
magnesium oxide (MgQO) layer on the thick magnesium oxide
(MgO) layer are cystallized, the thick magnesium oxide
(MgO) layer may be used as the seed. Thus, the crystalliz-
abilities of the magnetic layers and the thin magnesium oxide
(MgO) layer may be improved. As a result, the crystallizabil-
ity of the magnetic memory element may be improved to
reduce the resistance dispersion and the RA value.

While the mventive concept has been described with ref-
erence to example embodiments, it will be apparent to those
skilled 1n the art that various changes and modifications may
be made without departing from the spirit and scope of the
inventive concept. Therefore, 1t should be understood that the
above embodiments are not limiting, but illustrative. Thus,
the scope of the inventive concept 1s to be determined by the

10

15

20

25

30

35

40

45

50

55

60

65

20

broadest permissible interpretation of the following claims
and their equivalents, and shall not be restricted or limited by
the foregoing description.

What 1s claimed 1s:

1. A magnetic memory device comprising:

a first tunnel barrier layer disposed at a first height from a
substrate;

a second tunnel barrier layer disposed at a second height
greater than the first height from the substrate, the sec-
ond tunnel barrier layer thinner than the first tunnel
barrier layer;

a Iree layer disposed between the first tunnel barrier layer
and the second tunnel barrier layer;

a first reference magnetic layer disposed under the first
tunnel barrier layer;

a second reference magnetic layer disposed over the sec-
ond tunnel barrier layer,

wherein the first reference magnetic layer, the second ret-
crence magnetic layer, and the free layer each have a
magnetization direction substantially perpendicular to a
top surface of the semiconductor substrate, and

wherein the first and second tunnel barrier layers are
formed of magnesium oxide (MgQO).

2. The magnetic memory device of claim 1, wherein a
resistance-area product (RA) value of the first tunnel barrier
layer 1s greater than a RA value of the second tunnel barrier
layer.

3. The magnetic memory device of claim 1, wherein a ratio
ol a resistance-area product (RA) value of the second tunnel
barrier layer to a RA value of the first tunnel barrier layer has
a range ol about 1:5 to about 1:10.

4. The magnetic memory device of claim 1, wherein the
first and second tunnel barrier layers are formed of magne-
stum oxide (MgQO) having a (001) crystal plane substantially
parallel to a top surface of the substrate.

5. The magnetic memory device of claim 1, wherein the
first reference magnetic layer 1s 1n contact with a first surface
of the first tunnel barrier layer;

wherein the free layer 1s 1n contact with a second surface
opposite to the first surface of the first tunnel barrier
layer; and

wherein a top surface of the free layer has a (001) crystal
plane.

6. The magnetic memory device of claim 1, wherein the
free layer 1s formed of a magnetic material aligned 1n a (001)
crystal plane of the first tunnel barrier layer.

7. The magnetic memory device of claim 1, further com-
prising:

a crystalline magnetic layer disposed between the first
reference magnetic layer and the first tunnel barrier
layer, between the free layer and the first tunnel barrier
layer, between the second reference magnetic layer and
the second tunnel barrier layer, and/or between the free
layer and the second tunnel barrier layer.

8. The magnetic memory device of claim 7, wherein the
crystalline magnetic layer includes at least one of Fe, Co,
FeCo, or any alloy thereof.

9. The magnetic memory device of claim 7, wherein the
crystalline magnetic layer has a thickness of about 4 A to
about SA.

10. A magnetic memory device comprising:

a bit line disposed on a substrate;

a MTJ structure disposed between the bit line and the

substrate, the MT1J structure including;
a first reference magnetic layer;
a second reference magnetic layer;
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a free layer disposed between the first reference mag-
netic layer and the second reference magnetic layer;

a first tunnel barrier layer between the first reference
magnetic layer and the free layer; and

a second tunnel barrier layer between the second refer-
ence magnetic layer and the free layer, the second
tunnel barrier layer thinner than the first tunnel barrier
layer,

wherein the first tunnel barrier layer 1s disposed at a first

height from a top surface of the substrate,

wherein the second tunnel barner layer 1s disposed at a

second height greater than the first height from the top
surface of the substrate, and
wherein the bit line 1s disposed at a third height greater than
the second height from the top surface of the substrate,

wherein the second tunnel barrier layer 1s closer to the bit
line than to the substrate, and the first tunnel barrier layer
1s Turther away from the bit line than the second tunnel
barrier layer.

11. The magnetic memory device of claim 10, wherein the
first and second tunnel barrier layers are formed of magne-
sium oxide (MgQO).

12. The magnetic memory device of claim 10, the first
reference magnetic layer 1s in direct contact with a bottom
surface of the first tunnel barrier layer and has the .1, crystal
structure.
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13. The magnetic memory device of claim 10, wherein a

top surface of the first reference magnetic layer 1s 1n direct
contact with a bottom surface of the first tunnel barrier layer
and has a mean surface roughness of about 2 A or less.

14. A magnetic memory device comprising:

a first tunnel barrier layer disposed at a first height from a
substrate;

a second tunnel barrier layer disposed at a second height
greater than the first height from the substrate, the sec-
ond tunnel barrier layer thinner than the first tunnel
barrier layer;

a free layer disposed between the first tunnel barrier layer
and the second tunnel barrier layer;

a first reference magnetic layer disposed under the first
tunnel barrier layer; and

a second reference magnetic layer disposed over the sec-
ond tunnel barrier layer,

wherein the first reference magnetic layer, the second ret-
erence magnetic layer, and the free layer each have a
magnetization direction substantially perpendicular to a
top surface of the substrate,

wherein the first and second tunnel barner layers are
formed of magnesium oxide (MgO)having a (001 ) crys-
tal plane substantially parallel to a top surface of the
substrate.
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